T cells are triggered when the T-cell receptor (TCR) encounters its antigenic ligand, the peptide-major histocompatibility complex (pMHC), on the surface of antigen presenting cells (APCs). Because T cells are highly migratory and antigen recognition occurs at an intermembrane junction where the T cell physically contacts the APC, there are long-standing questions of whether T cells transmit defined forces to their TCR complex and whether chemomechanical coupling influences immune function. Here we develop DNA-based gold nanoparticle tension sensors to provide, to our knowledge, the first pN tension maps of individual TCR-pMHC complexes during T-cell activation. We show that naïve T cells harness cytoskeletal coupling to transmit 12-19 pN of force to their TCRs within seconds of ligand binding and preceding initial calcium signaling. CD8 coreceptor binding and lymphocyte-specific kinase signaling are required for antigenmediated cell spreading and force generation. Lymphocyte functionassociated antigen 1 (LFA-1) mediated adhesion modulates TCR-pMHC tension by intensifying its magnitude to values >19 pN and spatially reorganizes the location of TCR forces to the kinapse, the zone located at the trailing edge of migrating T cells, thus demonstrating chemomechanical crosstalk between TCR and LFA-1 receptor signaling. Finally, T cells display a dampened and poorly specific response to antigen agonists when TCR forces are chemically abolished or physically "filtered" to a level below ∼12 pN using mechanically labile DNA tethers. Therefore, we conclude that T cells tune TCR mechanics with pN resolution to create a checkpoint of agonist quality necessary for specific immune response.
T-cell receptor | mechanotransduction | antigen discrimination | cell migration | molecular tension sensor T -cell activation is a crucial step in adaptive immunity, offering defense against pathogens and cancer (1). During activation, the T-cell receptor (TCR) recognizes and binds to its ligand, the antigenic peptide-major histocompatibility complex (pMHC), which is expressed on the surface of antigen-presenting cells (APCs). Because T cells are continuously moving and scanning the surfaces of APCs for evidence of antigens, and TCR-ligand binding occurs at the junction between two cells, it is likely that the TCR experiences mechanical forces during normal T-cell function. Therefore, important questions in this area pertain to whether the TCR-pMHC complex experiences defined forces during T-cell activation, and whether these forces influence immune function (2) .
An elegant body of single-molecule experiments further underscores the connection between TCR signaling and mechanics. For example, Lang and Reinherz (3) used optical tweezers to demonstrate that the TCR responds to physical forces applied using an optically trapped bead. This team also showed that the TCR undergoes distinct structural transitions within its FG loop (a region formed by F and G strands) when the pMHC-TCR complex is strained at ∼15 pN (4). Complementary single-molecule force spectroscopy measurements using the biomembrane force probe by Zhu and Evavold (5) showed that the average TCR-pMHC bond lifetime (1/k off rate) is enhanced when ∼10 pN of tension is applied through a specific antigen. Enhancement of bond lifetime under the influence of antigen mechanical strain (∼10 pN) was further demonstrated in CD4
+ T cells (6) and for pre-TCR-pMHC interactions (7) . These experiments specifically demonstrate an inherent TCR sensitivity to pN forces transmitted through its cognate pMHC ligand (3) (4) (5) (6) (7) (8) .
The role of forces in modulating bond lifetimes is particularly striking given that the most widely accepted model of TCR activation invokes a kinetic proofreading mechanism, emphasizing the importance of the TCR-pMHC dissociation rate in boosting antigen specificity (2, 9) . The implicit model is that a T cell actively regulates forces transmitted to its TCR-pMHC complex to finetune bond lifetimes, thereby enhancing selective and differential levels of TCR activation and regulating antigen discrimination and T-cell selection.
The role of mechanics in T-cell activation remains controversial, however. For example, does the T cell itself transmit 10-15 pN of tension to its engaged TCR-pMHC complex during the early stages of antigen proofreading? Although traction force microscopy methods demonstrate that T cells generate contractile forces ∼5 min after activation (10, 11) , there is no evidence showing that the TCRpMHC complex experiences pN forces during initial antigen encounters. Such forces are beyond the spatial and temporal resolution of traction force microscopy. Therefore, new molecular approaches are needed to investigate intrinsic TCR mechanics and to determine the physical basis and physiological consequences of mechanics in immunology.
Significance
T cells protect the body against pathogens and cancer by recognizing specific foreign peptides on the cell surface. Because antigen recognition occurs at the junction between a migrating T cell and an antigen-presenting cell (APC), it is likely that cellular forces are generated and transmitted through T-cell receptor (TCR)-ligand bonds. Here we develop a DNA-based nanoparticle tension sensor producing the first molecular maps of TCR-ligand forces during T cell activation. We find that TCR forces are orchestrated in space and time, requiring the participation of CD8 coreceptor and adhesion molecules. Loss or damping of TCR forces results in weakened antigen discrimination, showing that T cells harness mechanics to optimize the specificity of response to ligand.
Results
Fabrication and Characterization of the DNA-Based Nanoparticle Tension Sensors. We have developed an improved type of fluorescent tension probe to directly image and quantify the innate forces mediated by individual TCR complexes on ligand binding ( Fig. 1A and SI Appendix, Fig. S1 ). These probes provide unprecedented sensitivity (SI Appendix, Supplementary Note 1), generating a ∼100-fold fluorescence increase in response to pN forces ( Fig. 1B and SI Appendix, Fig. S2 ). This sensitivity is essential given the transient nature and the limited number of TCRpMHC antigens sufficient to activate T cells (12, 13) . In brief, each tension probe consists of a DNA hairpin labeled with a fluorophore-quencher pair, and is immobilized onto a gold nanoparticle (AuNP). The mean interparticle spacing is 48 ± 8 nm (Fig.  1C) , which is physiologically optimal for antigen-mediated T-cell adhesion and functional responses (14, 15) . Each particle presents an average of 4 ± 1 DNA hairpins (SI Appendix, Fig. S3 ). The fluorophore is dual-quenched by both the molecular quencher through fluorescence resonance energy transfer (FRET) and the plasmon of the AuNP via nanometal surface energy transfer (NSET) pathway, thus reducing the background signal and boosting sensitivity over conventional molecular tension sensors (16) (17) (18) (19) (20) (21) (22) . DNA hairpins generate fluorescence when the applied force exceeds the unfolding force, F 1/2 (defined as the force at equilibrium for which a hairpin has a 50% probability of unfolding). Note that the probability of mechanical unfolding depends on the loading rate and the duration of the force, and thus the reported F 1/2 values serve as a lower bound of the applied force given that the physiological loading rates and bond lifetimes are unknown. Importantly, the F 1/2 can be tuned from ∼2.4 to 19.0 pN through the GC content and stem-loop structure of the hairpin (23) (SI Appendix, Table S1 ). Each probe exclusively responds to forces transmitted through a single TCR molecule (SI Appendix, Fig. S4 ).
Piconewton Forces Are Transmitted by Individual TCR Complexes
Before T-Cell Activation. As a proof of concept, we used anti-CD3 antibody (α-CD3)-modified probes (F 1/2 = 19 pN) to map TCR forces during the activation of naïve OT-1 cells ( Fig. 1D and Movie S1), with F 1/2 determined at 23°C (SI Appendix, Supplementary Note 2). T cells began to spread within seconds of encountering the α-CD3 ligand surface, and then continued to spread up to ∼8-10 μm in diameter. A punctate 19-pN tension signal was generated within seconds of initial surface contact and progressively increased thereafter, becoming enriched at the periphery of the contact area in a ring-like pattern. This result provides, to our knowledge, the first demonstration that the T cell innately transmits pN forces to its TCR complex in a defined spatial and temporal pattern.
Simultaneous tracking of TCR triggering using a ratiometric fura-2 Ca 2+ indicator showed that the initial appearance of forces preceded the rise in [Ca 2+ ] by 35 ± 15 s (Fig. 1 D, E , and G; n = 20 cells). The initial Ca 2+ flux was observed ∼1 min after initial cell contact, and peaked at ∼2 min (Fig. 1F) . Interestingly, the tension signal continued to rise even after the initial Ca 2+ flux started to subside, with a 400 ± 30 s delay between the maximum [Ca 2+ ] and the maximum TCR tension signals ( Fig. 1 F and H; n = 20 cells). Therefore, initial TCR triggering is tightly associated with its mechanics, and downstream signaling, such as Ca 2+ flux, further amplifies TCR forces.
Although several lines of evidence demonstrate that actin-mediated cytoskeleton dynamics are crucial in T-cell biomechanics (24) (25) (26) , the cytoskeletal factors that specifically initiate the rise of TCRligand forces remain unclear. To address this question, we treated naïve OT-1 cells with a library of cytoskeletal inhibitors and measured cell spreading and TCR-ligand forces (SI Appendix, Fig. S5 ). The GTPase Cdc42 was identified as critical to initiating the rise of TCR-ligand forces. Myosin light chain kinase and Arp2/3 were found to be important in maintaining TCR-ligand forces, and their inhibition caused drastic cell retraction and ring-shaped condensation of tension signals (Movie S2). This result mirrors the disruptive reorganization of F-actin after blebbistatin and jasplakinolide treatment of Jurkat cells, where actin retrograde flow is hypothesized to exert pushing and pulling forces (25) . Furthermore, immunostaining showed that TCR forces highly colocalized with F-actin and were further surrounded by a slightly inward ring pattern of myosin light chain kinase (SI Appendix, Fig. S6 ). This is consistent with the actomyosin-enriched contraction arc in the lamella (25) . Therefore, TCR-ligand forces are highly regulated by precise coordination between actin dynamics and actomyosin contractility.
TCR-Ligand Tension Requires Coreceptor Engagement and Is Modulated
by Adhesion Molecules. We next aimed to define the magnitude of innate T-cell forces transmitted through the TCR-pMHC bond. For this, we used two DNA tension probes with F 1/2 = 12 pN or 19 pN and monitored hairpin unfolding in response to the wild-type N4 ligand, the most potent of the ovalbumin (OVA) antigenic ligands ( Fig. 2A) . After naïve OT-1 T lymphocytes engaged the surface for 15 min, the cells generated a strong tension signal on the 12-pN probe surface. In contrast, OT-1 T cells failed to unfold the 19-pN sensor (N4 antigen) despite fully spreading on this surface, as determined by reflection interference contrast microscopy (RICM). Because shear flow is known to generate TCR forces (27) , we applied external flow to cells immobilized through the 19-pN probe (with N4 antigen), and observed a rapid and robust increase in tension signal (SI Appendix, Fig. S7 ). This experiment demonstrates that the pMHC-TCR bond can withstand forces >19 pN in the presence of CD8 coreceptor, but the innate TCR forces fall within
To determine the characteristic time course of initiation of TCRpMHC forces, we next imaged the surface immediately after culture of naïve OT-1 cells onto 12-pN tension probes. The T cells generated punctate fluorescence tension signal within 40 s of cell-surface contact ( Fig. 2B and Movie S3). This tension signal increased in intensity and spread until it reached a steady state, coinciding with cell spreading as determined by the RICM channel. Spatial analysis at t = 2 min showed that forces were generally concentrated in a ring-like structure 1-2 μm wide at the cell periphery (SI Appendix, Fig. S8 ). This ring-like distribution was short-lived, however, becoming diffuse across the junction at 2-5 min after cell-surface contact. Subsequently (>5 min), tension was enriched at the center of the contact zone, reminiscent of the central supramolecular activating cluster (28) .
We further analyzed the spatial colocalization between tension, TCR, CD8 (coreceptor), and lymphocyte-specific kinase (Lck), which is essential for T-cell activation (29, 30) . In contrast to the tension signal near the cell edge, TCRs were distributed uniformly across the cell-substrate interface (Fig. 2C) . Therefore, the T cell applies force only to a subset of its TCRs. Notably, CD8 also was distributed homogeneously across the cell membrane, whereas phosphorylated (active) Lck (pY394) was highly colocalized with TCR tension (Pearson correlation = 0.84 ± 0.04; n = 20 cells) ( Fig.  2C and SI Appendix, Fig. S9 ), further supporting the relationship between mechanics and early signaling. To probe this relationship, we treated T cells with a Lck-specific inhibitor (31) before and after cell plating (SI Appendix, Fig. S10 ). Inhibition of Lck after cell plating led to an ∼20-30% reduction in tension signals, whereas pretreatment with Lck inhibitor abolished tension and cell spreading. This abolishment was also achieved by antibody blocking of the CD8 coreceptor or with a mutant pMHC that inhibits coreceptor binding (SI Appendix, Fig. S10) . Therefore, the generation of TCR forces >12 pN requires CD8 coreceptor and its associated Lck.
TCR-pMHC binding is the first step in the TCR triggering cascade that includes a variety of ligand-receptor pairs during T cell-APC contact. For example, adhesion receptors such as LFA-1 and other costimulatory receptors also bind to their ligands at the intercellular junction, which has been proposed to modulate TCRpMHC forces (32) . A binary surface copresenting ICAM-1 ligands and the N4 ligands was engineered using orthogonal chemistry such that TCR forces were exclusively visualized and quantified through the N4 antigen and without convolution from adhesionmediated forces (Fig. 2D and SI Appendix, Fig. S11 ). Our results show that the incorporation of ICAM-1 not only led to enhanced TCR forces beyond 19 pN, but also triggered a profound change in T-cell morphology and motility. Shortly after engaging the surface (1-5 min), OT-1 cells polarized, forming a kinapse structure that coincided with cell migration at velocities of ∼1-2 μm/min (Movie S4). TCR forces were observed primarily at the trailing edge (focal zone) of the T cell, in agreement with a recent model integrating cell motility (surveillance) and TCR signaling (33, 34) . Fig. 2E summarizes the average TCR forces with N4 and α-CD3 ligands, as well as the role of ICAM-1 in modulating this force (n = 20 cells per group). These data unambiguously show that TCR forces are regulated by antigen and adhesion ligand engagement.
T Cells Harness Mechanical Forces as a Checkpoint of Antigen Quality.
A key property of T cells is their ability to differentiate nearly identical pMHC ligands with distinct levels of response (35, 36) . We asked whether TCR mechanics contribute to the specificity of its response to antigen. To answer this question, we used the less potent ligands Q4 and V4, differing by single amino acid mutations at the fourth position (36) and compared tension signals with that of the OVA N4 antigen. As an initial test, time-lapse imaging showed that the TCR mechanically interrogates the less potent V4 ligand with >12 pN forces, albeit at differing time scales (SI Appendix, Fig.  S12A and Movie S5). TCR-pMHC forces were more transient and punctate for V4, in contrast to the greater mechanical response to N4 ligand (SI Appendix, Fig. S12B and Movie S6). Moreover, the delay between the rise in [Ca 2+ ] and the rise in tension exceeded 5 min for V4, further confirming that TCR-pMHC mechanics are associated with early antigen discrimination.
To relate TCR mechanics with T-cell functional response, we plated naïve OT-1 cells onto 12-pN tension sensors displaying N4, Q4, and V4 OVA pMHCs as well as α-CD3. Simultaneously, we measured T-cell activation by quantifying the immunofluorescence of Zap70 phosphorylation (pY319) when Cdc42-mediated tension was chemically inhibited and compared it with the value in the DMSO control (Fig. 3A) . The tension signal and ligand potency decreased from α-CD3 to N4, Q4, and V4 ( Fig. 3 B and C, red bars). Ligand potency was consistent with literature values determined using IFN-γ production (36) . When the Cdc42 inhibitor (ML141) was used, there were marked reductions in TCR tension and T-cell activation ( Fig. 3 B and C, blue bar) . Plotting the total TCR tension against Zap70 phosphorylation showed a strong correlation ( Fig. 3D ; Pearson correlation = 0.99), further supporting a strong relationship between TCR tension and T-cell activation. Importantly, the range of T-cell responses are dampened on Cdc42 inhibition, indicating that TCR tension and ligand discrimination are related. We next adapted the recently reported DNA tension gauge tether (TGT) (37, 38) into our AuNP platform to physically modulate TCR forces (Fig. 3E) . The TGT is a DNA duplex tailored to dissociate at force levels that exceed its mechanical tolerance, T tol (defined as the rupture force when a constant force is applied for 2 s). In this way, the chemical recognition (affinity) between the TCR and antigenic ligand is maintained; however, the TGT sets the upper limit of forces experienced between a cell-surface receptor and its ligand. Given that TCR forces are in the range of 12-19 pN for the N4 antigen (Fig. 2E) , we designed ligands anchored through previously validated TGTs with T tol values of 56 pN and 12 pN (SI Appendix, Table S1 ), which provide the largest possible difference in mechanical resistance (T tol determined at 37°C) (SI Appendix, Supplementary Note 2). Indeed, the 12-pN TGT presenting α-CD3 displayed greater dissociation compared with the 56-pN TGT (SI Appendix, Fig. S13 ). After culturing naïve OT-1 cells for 30 min onto the 12 pN and 56 pN TGT surfaces decorated with N4, Q4, and V4 OVA pMHCs as well as α-CD3, T-cell activation was quantified using pYZap70 (pY319) (Fig. 3 F and G) . Note that all TGT experiments were performed at 37°C, the temperature at which T tol values were determined.
Interestingly, the most potent ligands, α-CD3 and N4, displayed the greatest pYZap70 levels when tethered through the 56-pN TGT, with a significant reduction in activation for the 12-pN TGT. Thus, more potent ligands display enhanced T-cell triggering by a pulling force >12 pN. The less potent Q4 and V4 antigens did not show a differential response to force (Fig. 3G) . Therefore, T-cell activation levels are sensitive to the amount of self-generated force transmitted to the different TCR-pMHC bonds, allowing for the optimal (i.e., more potent) ligands to selectively benefit from intensified mechanical tension. With the 12-pN TGT, ligand potency is statistically similar across the different antigens. Capping the TCR-pMHC force to 12 pN likely leads to dampening differences in TCR-pMHC dwell times (39) . When the cell is allowed to intensify TCR-pMHC tension before it dissociates, the tested ligands further resolve with different levels of pYZap70 and functional responses. This is shown graphically by plotting the pYZap70 levels against ligand potency (Fig. 3H) . Taken together, these experiments demonstrate that cell-generated forces transmitted to the TCRpMHC bond amplify the specificity of antigen recognition, which is a required feature of T-cell function.
Discussion
We imaged TCR forces with the highest spatial and temporal resolution reported to date using improved molecular tension sensors. We reveal that naïve T cells generate forces in the 12-19 pN range during initial antigen recognition ( Fig. 2 and SI Appendix, Fig.  S12 ). Importantly, our results complement and further validate the physiological relevance of a significant body of single-molecule measurements showing that external forces, in the ∼10-20 pN range, drive structural transitions in the TCR and enhance the TCR-pMHC bond lifetime for strong agonists (4, 5, 7) . It is no coincidence that the T cell strains its TCR-pMHC complex to tension values similar to those that achieve maximal "catch bond" behavior (a counterintuitive enhancement in bond lifetime that occurs when a bond experiences mechanical strain), as determined in single-molecule experiments.
Our results also suggest that agonists, both strong and weak, experience a pN mechanical stringency test, but strong agonists selectively display enhanced activation, presumably owing to enhanced bond lifetime. T cells harness mechanical forces to aid discrimination between strong and weak agonists by inducing differential phosphorylation levels of Zap70 (Fig. 3) , further supporting the force-dependent mechanisms of T-cell activation (40) . Given that LFA-1 engagement is not required to generate TCR-pMHC tension, mechanical testing of antigen seems to be independent of T-cell migration processes.
Our data also point to a dual role for mechanics in T-cell function (Fig. 4) . First, TCR-pMHC forces are involved in initial ligand discrimination as a fidelity checkpoint. As discussed above, T cells likely harness mechanics to maximize the TCR-pMHC bond lifetime for cognate ligands. Second, following T-cell triggering and Ca 2+ flux, myosin contractility is enhanced, further mounting TCR forces and leading to cell spreading. This in turn increases the number of TCR-pMHC engagements at the T cell-APC junction by simply flattening the cell-cell interface (Fig. 4A) . This chemomechanical feedback maximally amplifies the distinct TCR signaling levels between strong and weak agonists, demonstrating a mechanically regulated model for antigen discrimination (Fig. 4 B and C) .
By decorating the tension sensor with different ligands, we have shown that the magnitude of TCR forces are significantly lower in response to cognate N4 antigen compared with the α-CD3 ligand (Fig. 2 ). This conclusion is not simply a result of selective bond rupture; rather, T cells transmit defined forces to a subset of engaged receptors (SI Appendix, Fig. S7 ). These data suggest the existence of a self-regulatory mechanism for the finetuning of force generation. The observations that CD8 binding and Lck kinase activity are essential in mediating force generation (SI Appendix, synapse model in migratory OT-1 cells (33) and further demonstrate active crosstalk between TCR signaling and LFA-1 activation. Because T-cell migration relies on LFA-1 mediated detachment of the trailing edge (focal zone), our observation points to an idea that TCR signaling is coupled to and modulated by mechanics in the kinapse during lymphocyte surveillance and immune function.
Finally, our method provides, to our knowledge, the first platform for decoupling the specific forces transmitted through the TCR from those forces mediated by LFA-1/ICAM-1 interactions (Fig. 2D, SI Appendix, Fig. S11 , and Movie S4). In principle, the high modularity of the method should permit a generalization to investigate the mechanics of any specific surface receptors in the context of other intercellular interactions (e.g., receptor-ligand and glycan-glycan interactions), which normally show synergistic effects at the cellular level. This design of a molecular tension sensor better resembles the complex nature of cell-cell junctions and provides a readout of mechanics with molecular specificity that is beyond the capabilities of conventional traction force microscopy and single-molecule force spectroscopy methods.
Materials and Methods
DNA Labeling. A mixture of A21B (10 nmol) and excess Cy3B NHS ester in 0.1 M sodium bicarbonate solution was allowed to react at room temperature overnight. The mixture was then subjected to P2 gel filtration to remove salts, organic solvent, and unreacted reactants, and further purified by reversephase HPLC (solvent A: 0.1 M TEAA; solvent B: 100% MeCN); the initial condition was 10% B with a gradient of 1%/min and a flow rate of 1 mL/min. The desired product was characterized by MALDI-TOF mass spectrometry.
Optical Microscopy. Live cells were imaged in Hank's balanced salt imaging buffer at 23°C. In the TGT experiments, cells were incubated in the imaging buffer at 37°C for 30 min before fixation. The microscope was a Nikon Eclipse Ti driven by the Elements software package. The microscope featured an Evolve electron multiplying charge coupled device (Photometrics), an Intensilight epifluorescence source (Nikon), a CFI Apo 100× NA 1.49 objective (Nikon), and a TIRF launcher with three laser lines: 488 nm (10 mW), 561 nm (50 mW), and 638 nm (20 mW) . This microscope also included the Nikon Perfect Focus System, an interferometry-based focus lock that allowed the capture of multipoint and time-lapse images without loss of focus. All of the reported experiments were performed using the following Chroma filter cubes: TIRF 488, TIRF 640, TRITC, and RICM.
More detailed information about the materials and methods used in this study is provided in SI Appendix, Materials and Methods.
